We report the first post-mortem analysis of two patients with Parkinson's disease who received fetal midbrain transplants as a cell suspension in the striatum, and in one case also in the substantia nigra. These patients had a favourable clinical evolution and positive 18 F-fluorodopa PET scans and did not develop motor complications. The surviving transplanted dopamine neurons were positively identified with phenotypic markers of normal control human substantia nigra (n = 3), such as tyrosine hydroxylase, G-protein-coupled inward rectifying current potassium channel type 2 (Girk2) and calbindin. The grafts restored the cell type that provides specific dopaminergic innervation to the most affected striatal regions in the parkinsonian brain. Such transplants were able to densely reinnervate the host putamen with new dopamine fibres. The patients received only 6 months of standard immune suppression, yet by post-mortem analysis 3-4 years after surgery the transplants appeared only mildly immunogenic to the host brain, by analysis of microglial CD45 and CD68 markers. This study demonstrates that, using these methods, dopamine neuronal replacement cell therapy can be beneficial for patients with advanced disease, and that changing technical approaches could have a favourable impact on efficacy and adverse events following neural transplantation.
Introduction
The degeneration and loss of a specific neuronal cell population in the ventral midbrain leads to the development of Parkinson's disease (Marsden, 1994) . These midbrain neurons modulate motor function through dopamine innervation of basal ganglia and forebrain regions. Pharmacological substitution of dopamine produces remarkable benefits for some years but is hampered by complications as the disease progresses (Marsden, 1994; Rajput et al., 2002) . A more ambitious approach aims to restore function by replacement of the dopamine neurons and their connections by fetal or stem cells. Transplanted human fetal ventral midbrain neurons have shown functional capacity (Lindvall et al., 1990 (Lindvall et al., , 1994 Freed et al., 1992 Freed et al., , 2001 Peschanski et al., 1994; Hauser et al., 1999; Piccini et al., 1999 Piccini et al., , 2000 Mendez et al., 2002) , but also side-effects in some patients (Freed et al., 2001; Olanow et al., 2003) . Previous reports of post-mortem analysis of transplanted Parkinson's disease patients were from patients receiving solid ventral midbrain donor tissue pieces. These reports showed evidence of survival and partial reinnervation of the host brain (Kordower et al., 1995 (Kordower et al., , 1996 Freed et al., 2001; Olanow et al., 2003) . There have been no prior post-mortem studies of cases where cells are first dissociated and isolated using proteolytic enzymes, then counted and prepared for transplantation as a cell suspension into the brain (Bjorklund et al., 1983) .
The ectopic placement of fetal cells in the striatum may also contribute to limited functional effects of transplants. At least in rodent models, grafts placed both in the striatum and substantia nigra (SN) improve the recovery in complex behavioural tasks (Baker et al., 2000; Mukhida et al., 2001) compared with intrastriatal grafts alone. In an effort to optimize the functional benefit of fetal transplantation, we started a safety and feasibility pilot study in Halifax, Canada, to evaluate simultaneous intrastriatal and intranigral grafts (Mendez et al., 2002) , and one of the patients reported here had received cells both into the midbrain and into the striatum.
The human ventral midbrain contains several functional subpopulations of dopamine neurons that can be identified by both specific biochemical markers and connectivity to their target neurons (Gerfen et al., 1985 (Gerfen et al., , 1987 Lynd-Balta and Haber, 1994) . In order to define the dopamine neural subtypes we analysed specific markers of human adult ventral midbrain neurons projecting to either motor or limbic areas. Identification of cell-specific (phenotypic) markers of this subpopulation is relevant for both cell replacement and neuroprotective therapies (Bjorklund and Isacson, 2002) . Calbindin is expressed in dopamine neurons projecting to the limbic nucleus accumbens region and is not expressed in cells projecting to the dorsolateral motor putamen (Gerfen et al., 1985; Haber et al., 1995; Liang et al., 1996; Hontanilla et al., 1997; Nemoto et al., 1999) . Calbindin-positive dopamine neurons are relatively spared in Parkinson's disease (Yamada et al., 1990; Fearnley and Lees, 1991; German et al., 1992; Gibb, 1992; Damier et al., 1999) and in toxic (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MPTP) and genetic (weaver mouse) models (Graybiel et al., 1990; Gaspar et al., 1994) . The weaver phenotype in mice, in which 50% of the dopamine neurons degenerate in the first postnatal weeks (Bayer et al., 1995) and all surviving dopamine neurons express calbindin (Gaspar et al., 1994) , is caused by a mutation in the Gprotein-coupled inward rectifying current potassium channel type 2 (Girk2). Girk2 tetramers are almost exclusively expressed in the membrane of dopamine neurons projecting to the dorsolateral putamen and are functionally linked to dopamine D2 and GABA B receptors (Inanobe et al., 1999; Guatteo et al., 2000) .
Our focus in this report is on the specific cellular and morphological variables that may be relevant to the functional effects observed in patients. A better understanding of the cellular identities, growth and graft-host interaction of fetal ventral midbrain transplants is required to develop a rational basis for the use of fetal nigral or other cell sources, such as stem cells, for future therapies.
Patients and methods Patient selection
The inclusion criteria for selecting these patients included a diagnosis of idiopathic Parkinson's disease, made independently by two neurologists, and preoperative PET imaging consistent with Parkinson's disease. The patients responded well to levodopa from the onset of the disease, but the maximum tolerated medication did not provide adequate relief of symptoms and caused unacceptable side-effects. The patients had a detailed assessment for at least 6 months prior to surgery, as defined by the validated Core Assessment Program for Intracerebral Transplantation (CAPIT) (Langston et al., 1992) . Preand post-operative clinical assessment was performed on an outpatient basis at regular intervals using the Unified Parkinson's Disease Rating Scale (UPDRS) (Fahn and Elton, 1987) . A timed motor task of hand pronation/supination (15 s) was also used. All tests were done at maximum on/off periods as defined by the CAPIT protocol. Video recordings were assessed by blinded observers. The patients and their caregivers maintained diaries throughout the trial that included a registry of medication. The patients were screened for serological evidence of infection and exposure to syphilis, hepatitis B and C, HIV, cytomegalovirus (CMV) and human T-cell lymphotrophic virus using the standard automated immunoassays (Abbott AxSYM, Abbott Park, IL, USA) at Queen Elizabeth Hospital (Halifax, CA, USA). CMV-negative patients never received tissue from CMV-positive donors.
Cell suspension preparation
Fetal ventral midbrain tissue was collected with maternal consent from HIV, hepatitis B and C, human T-cell lymphotrophic virus, and syphilis-negative women undergoing elective abortion between 6 and 9 weeks after conception, in the pregnancy termination unit of our centre under the strict guidelines of a protocol approved by the university and hospital ethical review boards. Embryo staging was confirmed by ultrasound evaluation of length and external features corresponding to Carnegie stages 17-21 (6-9 weeks) (O'Rahilly and Muller, 1987) . Fetal ventral midbrains were dissected under sterile conditions and tissue samples of each specimen were sent for aerobic and anaerobic culture. The ventral midbrains (three or four per procedure) were minced in several small pieces and stored for 6 days at 4 C in 2 ml of a low-sodium, phosphatebuffered, calcium-free hibernation medium with glial-derived neurotrophic factor (GDNF; 1 mg per ml hibernation medium; Pepro Tech, Rocky Hill, NJ, USA) (Mendez et al., 2000b) . Cell suspensions of ventral midbrain tissue were incubated in 0.1% trypsin/0.05% DNase/Dulbecco's modified Eagle medium (DMEM) (trypsin; Worthington, Freehold, NJ, USA) (DNase/DMEM; Sigma, Chicago, IL, USA) at 37 C for 20 min, then rinsed four times in 0.05% DNase/DMEM. The tissue was then mechanically dissociated using successively smaller sterilized micropipettes until a quasi-single-cell suspension was achieved. This cell suspension was not completely homogeneous and contained small aggregates of cells. A final cell concentration of approximately 80 000/ml was used, with a viability of 99%, as determined by the trypan blue dye exclusion method.
Transplantation procedures
The surgical transplantation procedures were performed in two stages 4 weeks apart. On the day of surgery, each patient was fitted with a Leksell stereotactic headframe (Elekta, Stockholm, Sweden) under local anaesthesia. The stereotactic coordinates for targets in the postcommissural putamen were calculated using T1-and T2-weighted MRI images and a computerized stereotactic planning workstation (Surgiplan; Elekta) (Mendez et al., 2002) . Transplantation was performed with the patient under local anaesthesia and sedation using a combination of midazolam (0.25-1.0 mg bolus doses) and propofol (10-20 mg bolus followed by infusion at 15-40 mg/kg/min). In patient 1, a burr-hole was placed at the level of the coronal suture (2 cm laterally) and a customized transplantation cannula (Mendez et al., 2000b) was inserted into four different targets approximately 3 mm apart in the postcommissural putamen. A 50 ml Hamilton syringe, fitted with a custom-made microinjector (Mendez et al., 2000b) , was used to load the cell suspension in the transplantation cannula. The cell suspension was deposited along each of four putaminal trajectories previously calculated on the patient's MRI scan. The patient received 1 g of Ancel (Cefazolin sodium, QELI Hospital, Halifax, Canada) intravenously before the skin incision was made and three more doses of 1 g of Ancef intravenously every 8 h postoperatively. The patient had an MRI (General Electric; Signa Horizon 1.0 T MRI, T1 and T2 axial, coronal and sagittal images) 24 h after surgery and was discharged from the hospital 48 h after surgery.
Patient 2 received first a deposit in the midbrain at the level of the dorsorostral SN (Mendez et al., 2002) and six in the striatum, two of them oriented from caudate to putamen (transventricular) and the other four as described above. Cell preparation and targeting were done in the same way described for patient 1. Four weeks later the patient underwent a second procedure that was not completed due to a small bleeding apparent through the cannula after the first putaminal deposit. This bleeding was not apparent in the MRI performed 24 h later.
The patients received immunosuppressive medication (cyclosporin A, 5-8 mg/kg/day) beginning 2 weeks prior to admission. Doses were tapered to 2 mg/kg/day and continued for 6 months. Immunosuppressive doses were adjusted on the basis of serum levels to be in the range of 150-200 mg/l. Renal function was monitored closely to prevent immunosuppressive toxicity. Postoperatively, every effort was made to keep antiparkinsonian medications at their preoperative level and modifications were only made on clinical grounds.
Imaging studies
PET scans were performed preoperatively and at regular intervals after surgery at the McConnell Brain Imaging Centre (Montreal Neurological Institute, McGill University) on a Siemens ECAT HR+ PET in 3D mode, with a resolution of approximately 5 mm full width at half maximum (FWHM) in all directions at the centre of the field of view. On the day of the study, the patient did not receive antiparkinsonian medications. One hour prior to the scan, a peripheral inhibitor of aromatic amino acid decarboxylase (carbidopa, 150 mg orally) was administered to prevent the peripheral breakdown of 18 F-fluorodopa ( 18 F-DOPA). The head was immobilized within the aperture of the PET scanner by a form-fitting vacuum device. The patient received 3-5 mCi of 18 F-DOPA as a bolus injection into the antecubital vein over 2 min and data were acquired for 90 min in 27 time frames of increasing duration. PET images were automatically realigned to MRI images for each patient (Mendez et al., 2002) . MRI scans were transformed into standardized stereotactic space (Mendez et al., 2002) .
Then, regions of interest were drawn onto the MRI in stereotactic space on the basal ganglia and cerebellum. The cerebellum was used as a reference region to calculate the 18 F-DOPA uptake constant (K i ) using the graphical method of Patlak and Blasberg (1985) . In addition, K i maps were generated by calculating the uptake constant at each voxel and constants were taken of the areas of interest.
Autopsy and tissue preparation
For both Parkinson's disease patients, the brains were infused, after a 3-4 h post-mortem delay, with 2 l of cold 0.1 M phosphate buffer, pH 7.4 followed by 2 l of ice-cold paraformaldehyde in 0.1 M phosphate buffer. The brains were subsequently blocked in the coronal plane in 3 cm thick slabs. The slabs were cryoprotected in 30% sucrose in phosphate-buffered saline (PBS) at 4 C until they were completely submerged. Coronal sections (40 mm) were cut serially on a Leitz freezing microtome and stored until histological analysis in Millonig's solution (6% azide in 0.1 M phosphate buffer). In order to determine the normal dopamine neuronal distribution and cell type (subpopulation)-specific markers, we obtained postfixed midbrain blocks from three age-matched control brains that had no brain pathology recorded on autopsy. This human control tissue was obtained from the Neuropathology Division at Brigham and Women's Hospital, Harvard Medical School, Boston.
Immunohistochemistry and stereological procedures
Sections (40 mm) were stained by immunohistochemistry using either immunoperoxidase or immunofluorescence techniques. Sections for immunoperoxidase staining were treated for 30 min in 3% hydrogen peroxide (Humco, Texarkana, TX, USA), washed three times in PBS, and incubated in 10% normal goat serum (Vector Laboratories, Burlingame, CA, USA) and 0.1% Triton X-100 in PBS for 60 min prior to overnight incubation at 4 C with the primary antibody [rabbit anti-tyrosine hydroxylase (TH); Pel Freez, Rogers AK, 1 : 300; rabbit anti-GFAP (glial fibrillary acidic protein); Dako, Denmark, 1 : 500; mouse anti-CD68 and anti-CD4-5; Dako, Denmark, 1 : 500 and 1 : 100, respectively] in 2% normal goat serum and 0.1% Triton X-100. After three 10-min rinses in PBS, the sections were incubated in biotinylated secondary antibody (goat anti-rabbit/mouse; Vector Laboratories, Burlingame, CA, USA, 1 : 300) diluted in 2% normal goat serum in PBS at room temperature for 60 min. The sections were rinsed three times in PBS and incubated in streptavidin-biotin complex (Vectastain ABC Elite Kit; Vector Laboratories) in PBS for 60 min at room temperature. Following thorough rinsing with PBS, staining was visualized by incubation in 3,3 0 -diaminobenzidine solution and intensified with nickel (Vector Laboratories). On selected sections, the primary antibody was omitted to verify specific staining. Sections were counterstained with cresyl violet to place the immunostain into cellular context. After immunostaining, floating tissue sections were mounted on Superfrost Plus glass slides (Fisher Scientific, Pittsburgh, PA, USA), dehydrated, cleared and coverslipped. For immunofluorescence, sections were rinsed for 3 · 10 min in PBS, incubated in 10% normal donkey serum (Vector Laboratories) and 0.1% Triton X-100 in PBS for 60 min and then incubated overnight at room temperature in primary antibody (sheep anti-TH; Pel Freez, Rogers, AK, 1 : 300; rabbit anti-Girk2; Alomone Laboratories, Jerusalem, Israel, 1 : 80; anti-calbindin; Swant, Bellinzona, Switzerland, 1 : 2000). After an additional three 10-min rinses in PBS the sections
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Brain (2005)were incubated in fluorescent dye-conjugated secondary antibodies (Alexa Fluor donkey anti-rabbit/mouse/sheep 488/568/660; Molecular Probes, Eugene, OR, USA; 1 : 500) in PBS with 10% normal donkey serum for 60 min at room temperature. After rinsing in PBS (3 · 10 min), sections were mounted onto Superfrost Plus slides and coverslipped in Gel/Mount (Biomeda Corporation, Foster City, CA, USA). Sections were examined using a confocal microscope (LSM510 Meta; Carl Zeiss, Thornwood, NY, USA). Design-based stereology was performed on the specimens using an integrated brightfield microscope (Axioskop 2; Carl Zeiss), confocal microscope (LSM510) and StereoInvestigator image capture equipment and software (MicroBrightField, Williston, VT, USA). Graft volumes and TH-positive cell counts were calculated using the Cavalieri estimator probe and optical fractionator probe, respectively, from one-sixth of the total sections. The coefficient of error was used to assess probe accuracy and P < 0.05 was considered acceptable. The 3D reconstruction was created from one-sixth of the total sections using Neurolucida solid modelling software (MicroBrightField). The graft constituent cell ratios were calculated by two investigators independently counting cells in several (20-30) randomly selected high power fields. The images were captured by confocal microscopy and colocalization was confirmed by z-axis analysis. Maps of Girk2-, calbindin-and TH-expressing and coexpressing cell distributions were created from transverse serial sections of normal human midbrain stained for TH and each of the other markers by double immunofluorescence. These maps were generated using StereoInvestigator. Cell soma diameter was measured using the same software on random sections in the striatal and midbrain grafts and control tissue. An average of 100 cells was measured and group sizes were compared using analysis of variance (Statview software, SAS Institute, Cary, NC, USA).
Results
Survival and integration of dopamine neurons transplanted as cell suspensions in the striatum of patients with Parkinson's disease Patient 1
The patient was a 69-year-old man with a 15-year history of Parkinson's disease who underwent bilateral transplantation (4 weeks apart) of fetal ventral midbrain cell suspensions. A total of 3.2 · 10 6 cells from three donors (40 ml) were implanted along four tracks in the right postcommissural putamen and 2.6 · 10 6 cells from two donors (32 ml) in the left side. The patient experienced a gradual clinical improvement that started 3-4 months after transplantation. The preoperative and last postoperative (3-year follow-up) UPDRS scores are shown in Table  1A . While levodopa doses were kept unchanged, dyskinesia scores also improved (Table 1A) and he never experienced off-period dyskinesia. Two years and 4 months after transplantation, a PET study showed an increase in 18 F-DOPA uptake bilaterally (Table 1A , Fig. 1 ) more pronounced in the right putamen, reaching 88% of normal Ki values for the right side and 65% for the left side (normal average 18 F-DOPA Ki = 0.008). Three years and 8 months after transplantation, the patient suffered an acute myocardial infarct and died in the coronary intensive care unit. Permission for an autopsy had been obtained and the brain was retrieved for histological analysis. The presence of Lewy bodies in the substantia nigra confirmed the diagnosis of Parkinson's disease.
Macroscopically, TH-positive grafts were observed along the four surgical cell infusion tracks (Fig. 2) in the putamen regions of both hemispheres. The surviving cell suspension grafts were slender in shape and did not displace the host putamen (Fig. 2) . The grafts extended through the major axis of the putamen in dorsocaudal and mediolateral trajectories (as seen in 3D reconstructions; Fig. 2 ). TH staining demonstrated that all four graft sites contained numerous dopamine neurons (Fig. 2) . Using stereological methods, the graft volumes and dopamine cell numbers were quantified ( Table 2 ). The total number of dopamine neurons on the right side was found to be 127 189 (Table 2) . They were distributed along the four surgical tracks (anterior to posterior, as shown in Fig. 2D ). Surviving dopamine neurons per track were: track 1 = 51 206; track 2 = 36 340; track 3 = 38 935; and track 4 = 708 (track 4 was the last cell infusion site). On the left side, a total of 98 913 dopamine neurons were distributed in the four tracks ( Fig. 2) : track 1, 10 383; track 2, 56 869; track 3, 20 294 and track 4, 11 367. Surviving dopamine neurons typically formed clusters in the outer segments of the aggregated cellular deposits (Fig. 2) . Immediately adjacent to the graft, dopamine donor axons had a similar density to that found in normal striatum (Fig. 2) . Further away (10-15 mm), the TH fibre density appeared less than in spared regions of the caudate. Most dopamine neurons in the graft were melanized (data not shown). The glial content was estimated using antibodies against GFAP (for astrocytes) and CD45 and CD68 (for microglia/macrophages). The morphology of astrocytes (Fig. 4H) around and inside the grafts was not markedly different from that in host areas away from the graft, or normal patient control brain regions. Around the perimeter of the grafts, there were many typical fibrous type 1 astrocytes and some thicker astrocyte branches. The typical appearance of resting microglia was seen throughout the host brain (Fig. 4K ). This unreactive morphology of microglia was also found around and inside the grafts. Few macrophages and activated microglia were found in grafted regions, along the needle tracks only (Fig. 4I) .
Patient 2
The patient was a 59-year-old woman with an 11-year history of Parkinson's disease, who received bilateral multiple-site Cell
transplantation. In the first procedure, cells from four donors were implanted in the right substantia nigra (500 000 cells in one track) and in the caudate putamen (four tracks in the putamen and two tracks tangentially oriented from caudate to putamen; Fig. 3 ), giving a total of $4.8 million cells. In the left hemisphere, 6 weeks later, she received cells from three donors in the nigra (one track, 500 000 cells) and in the putamen (one track, 800 000 cells). The procedure for the left hemisphere Table 2 ). P = putamen; Cd = caudate nucleus; V = lateral ventricle; A = anterior; Po = posterior; M = medial; L = lateral. Scale bars: A, 1 cm; B, C, 1 mm. Fig. 3 (A) Parametric maps of F-DOPA uptake (Ki) overlaid on the second patient's MRI before and 3 years after transplantation. Note the marked increase in 18 F-DOPA uptake in the right putamen (>200%) while the loss progressed during this time period on the left side (45% loss) (Ki values are shown in Table 1B ). (B) Macroscopic aspect of TH immunoreactivity at the level of the anterior commissure in the second patient. The right putamen was completely reinnervated by the TH neurons distributed in the six tracks (see schematic reconstruction in C) at this anatomical level. No surviving TH neurons were found in the left putamen (which received only one deposit), corresponding to in vivo data; partial volume effect and resolution of the PET precludes direct quantitative comparison between the histological and imaging studies. (C) 3D reconstruction of the six tracks in the right putamen. Numbers 1 and 2 followed a tangential direction from caudate to putamen; 3-6 are parallel (numbered anterior to posterior) to the major axis of the putamen. P = putamen; Cd = caudate nucleus; V = lateral ventricle; A = anterior; Po = posterior; M = medial; L = lateral. The boxed areas in B are shown at higher magnification in Fig. 4A and 4D . Scale bar in B, 1 cm.
was not completed due to bleeding through the cannula after the first putaminal deposit. The patient showed no neurological deficit related to the complication during surgery. The patient showed a progressive improvement of parkinsonian signs, and L-dopa treatment was decreased by 30%. The patient showed a remarkable improvement in total and motor UPDRS scores ($50%; Table 1B ) and in quality of life, in spite of the severity of the disease at the time of the surgical intervention. The improvement was marked on the left side while at 3 years parkinsonian signs had continued to worsen on the right side (Table 1B) , which was initially the less affected side of the body. At this post-transplantation time, a 18 F-DOPA PET study (Fig. 3A) showed a marked increase in the right putamen and further loss of signal in the left putamen (Table 1B) . The patient died 4 years and 4 months after transplantation from unrelated causes: acute renal failure, possibly due to an underlying renal cell carcinoma (autopsy permission was restricted to the brain).
Post-mortem analysis showed that the right putamen was densely and almost completely reinnervated, in contrast to the severe loss of TH-immunoreactive fibres in the left putamen, where there was no graft survival. In the left hemisphere we did not identify any graft, transplanted dopamine neuron or abnormal histology (no haemosiderin), except a minor (150 mm in diameter), glial GFAP-positive scar at the ventral base of the putamen. In contrast, in the right striatum, five grafts along the six tracks were identified (Fig. 3C) . A total of 202 933 TH-positive cells (Table 2) were distributed as follows: track 1, 29 024; track 2, 25 956; tracks 3-4, 94 152; track 5, 45 542; and track 6, 8 259. The average diameter of the dopamine neurons in the grafts was 37 6 1 mm. The orientation of the tracks is schematically shown in Fig. 3C . The TH neurons were aggregated in the periphery of the deposits and extended processes into the host striatum (Fig. 4A-D) . The thick TH neurites in and around the deposits became arborized and reinnervated the entire putamen to nearly normal levels and, to a lesser extent, the caudate nucleus. No TH neurons were found in the left putamen, where TH fibre loss was very severe (Fig. 4E) . Around the grafts there was a concentric area ($ 0.2-0.4 mm) where GFAP-positive fibres were oriented in fascicles (Fig. 4F-G) but did not prevent robust outgrowth of TH neurites. In this area, CD45-positive cell density appeared to be slightly higher than inside the graft (Fig. 4 J) but macrophages and activated cells were present only along needle tracks. In most brain areas, including the grafted regions, microglial cells show typical resting morphology (inset in Fig. 4K ).
Analysis of dopamine neuron subpopulations in the normal human midbrain and in cell suspension transplants
In order to be able to selectively label different neuronal cell types and distinguish them in the patient's dopamine cellular grafts, we first performed a study of dopamine neuronal subpopulations in the normal human midbrain (n = 3). We mapped the distribution of two markers that have been reported (in different species) to be differentially expressed in dopamine neurons projecting to the motor striatum and nucleus accumbens/limbic areas: calbindin and Girk2. We found that dopamine neurons coexpressing calbindin (Fig. 5) were predominantly located in the retrorubral field (A8), the dorsal and lateral parts of the substantia nigra pars compacta (SNc, A9) and the ventral tegmental area (VTA, A10), excluding the most lateral division of this nucleus (paranigral and parabrachialis). We next determined the expression of Girk2. In the human control ventral midbrain, the distribution of TH/Girk2 immunoreactive neurons and neuropil was restricted to the ventral tier of the SNc (Fig. 5) . In the putaminal cell suspension grafts (Table 2) we found a high proportion of Girk2 expression in TH neurons, with and without calbindin coexpression, which was consistent between grafts sites: in patient 1, 71% of dopamine neurons in the right and 69% in the left putamen, and in patient 2, 68% in the right-side caudate-putamen had the Girk2 staining typical of the ventral tier of SNc. Calbindin coexpression in dopamine neurons in the grafts was lower ($40%) than Girk2 expression, and more variable (26-48% colabelled with TH; Table 2 ). Therefore, we performed a subsequent analysis to map the distribution of the Girk2/TH neurons in representative graft deposits from both patients (Fig. 6) . We consistently found that dopamine neurons in the outer perimeter of the graft deposits coexpressed Girk2 (Fig. 6A and B) while in the centre of the grafts the TH neurons were more often Girk2-negative (either calbindin-positive or both calbindin-and Girk2-negative).
Midbrain graft
The second patient also received an intranigral graft. The 18 F-DOPA PET study showed an increase in Ki values (but see the Discussion) in the right midbrain (Table 1B) . Macroscopic examination revealed two small deposits in the right midbrain, between the rostral substantia nigra and the red nucleus (Fig. 7A) . No grafts were identified on the left side. In the right midbrain, the parallel deposits extended in a rostrocaudal direction along the injection tract (Fig. 7B) . A total of 4289 TH-positive cells were present in these grafts (Table 2 ). This represents 4-8% dopamine neuron survival, in contrast with 15-30% survival in the putaminal deposits (assuming a 5-10% dopamine content in the fetal midbrain preparation). The dopamine cells were located in the periphery of the deposits (Fig. 7C-F) and fewer TH-labelled neurons coexpressed Girk2 (Table 2, Fig. 7G-H) than seen in the putaminal grafts. As for the striatal locations, there was no lipofuscin inside the graft, which allowed a clear delineation of the graft perimeter using fluorescence microscopy. In addition, dopamine neurons inside the grafts were smaller than surrounding host neurons (mean diameter was 20.5 6 1.2 mm in the graft and 46 6 1.8 mm in the substantia nigra; P < 0.0001) and had less melanin (Fig. 7D-F) . The distribution of TH/Girk2-positive neurons inside the graft was less clearly defined (Fig. 7I ). There was no major microglial reaction in the host tissue. Most microglial cells (CD45 or CD68) showed resting morphology with only mild reaction around needle tracks, comparable to the observations in all grafts located in the striatum (Fig. 4I-K) .
Discussion
This is the first post-mortem study of the survival and integration of cell-suspension human dopamine neuron grafts in Parkinson's disease patients. The fetal dopamine neurons transferred in a cell suspension and surviving in the striatum Fig. 3B ). Within the graft (B, boxed in A), TH-positive neurites from grafted neurons were thick and scarcely branched, while around the graft (C, boxed area in A), and further away (D, area shown boxed in Fig. 3B ) they formed a dense network of fine branches approaching normal innervation in some areas of the putamen. Compare the fibre density with the contralateral putamen (E), where there was no graft survival. (F, G) GFAP immunostainings showing a representative transplant located in the putamen of patient 2. (F-H) Astroglial density was not increased in the graft core but around the graft deposits there was a band of variable thickness (<1 mm) of fibrous hypertrophic astrocytes (G, boxed in F). Further away, the astrocytic density and morphology were similar to those of normal striatum (H; illustrates a similar area from the putamen of patient 1). Microglial cells were identified by immunoreactivity against CD45 (common leucocyte antigen, CLA) and CD68 (activated microglia, not shown). (I-J) Representative microphotographs of CD45 immunostaining showing a local circumscribed increase in microglial cell density around needle tracks (arrows), which was very similar for all the grafts located in the putamen in patient 1 (shown in I) and in both the midbrain and the striatal deposits in patient 2. At higher magnification (J) a few macrophages could be observed along the needle track (arrow), but most microglial cells showed a typical resting branched morphology (see detail in the inset in K) comparable to that observed in striatal regions at a distance (away) from the grafts (K). Scale bar: A, 500 mm; F, I, 400 mm; G, H, J, K, 200 mm; C-E and inset in K, 75 mm; B, 25 mm.
and substantia nigra had phenotypic markers of dopamine cell types expressed in normal ventral midbrain, a majority of them being calbindin-negative and expressing Girk2. Based on the data obtained in control human substantia nigra, we conclude that dopamine neurons with high expression of Girk2 and absence of calbindin correspond to ventrally located dopamine neurons that have been shown to project to the motor striatum (Gerfen et al., 1985; Lynd-Balta and Haber, 1994) . This dopamine neuron type is selectively lost in Parkinson's disease. This is an important demonstration because it signifies that the appropriate dopamine ventral midbrain neuron types survive, grow and reinnervate the host putamen in Parkinson's disease patients, with longterm (more than 3 years) function without side-effects. This is also the first analysis of a cellular graft placed in the substantia nigra in a patient. The functional benefit observed in these patients, together with the absence of side-effects, in particular dyskinesias, is encouraging. The use of cell suspensions may cause less side-effects than other methods since 90% of patients receiving cell suspension grafts did not show off-phase dyskinesias (Hagell et al., 1999; Lindvall and Hagell, 2000; Mendez et al., 2002) . In some of these patients there is evidence of physiological graft function beyond 11 years, as determined by dopamine release and activation of motor circuitry associated with a marked improvement in UPDRS and ratings of parkinsonism (Piccini et al., , 2000 . As previously reported for solid grafts (Kordower et al., 1995) , survival of fetal cells in striatal grafts was correlated with enhancement of 18 F-DOPA uptake in the PET studies. In patient 1 there was restoration of 18 F-DOPA uptake to 88% of normal values in the right putamen and Fig. 6 Maps of the dopamine subpopulations, TH/Girk2-positive neurons (red) and TH/Girk2-negative neurons (green) in the putaminal grafts. The maps were generated from representative transverse sections double-immunolabelled for TH and Girk2 using Neurolucida software. Each dot represents one cell. (A, patient 1, and B, patient 2) TH/Girk2-positive neurons were preferentially located in the outer layer of the grafts in the putaminal grafts. (C) Confocal images of triple immunofluorescence studies of TH (green), Girk2 (red) and calbindin (blue) within a putaminal graft (see Table 2 for quantification). Numbers identified the tracks as described in Fig. 3 . TH = tyrosine hydroxylase; CB = calbindin; Cd = caudate; Put = putamen; V = lateral ventricle; ic = internal capsule. Scale bar in C, 50 mm. 65% in the left putamen. Similar results were observed in the right putamen of the second patient, while the specific uptake dropped further by another 45% by that time in the left side, where no grafted neurons survived. The annual loss of 18 F-DOPA uptake in parkinsonian patients in the posterior putamen has been estimated to be around 10% (Nurmi et al., 2001) . In this patient there was a moderate increase in uptake in the midbrain (Table 1B) . However, the significance of 18 F-DOPA uptake in the midbrain is complicated due to several factors, including a much lower normal uptake than in the striatum (Ki $ 0.004), activity originating in neighbouring hindbrain serotonergic cell groups, and the small volume of the region of interest (therefore vulnerable to partial volume effects, which increase the measurement error).
In these patients, the number of surviving dopamine neurons in the striatum is slightly higher than those published in recent studies (Freed et al., 2001; Olanow et al., 2003) . Although a direct comparison of cell numbers between studies cannot be made because actual cell numbers grafted cannot be counted for technical reasons using solid fetal pieces, more TH-positive neurons survived in these grafts for the same number of donor embryos (30 000-50 000 per donor) than in solid grafts grafted as tissue strands or 'noodles' ($15 000; Freed et al., 2001) , while the numbers were similar to those in patients transplanted with solid tissue pieces [30 000-50 000 (Kordower et al., 1996) and $25 000 (Olanow et al., 2003) ]. It has been demonstrated previously that preincubation with GDNF sustains and enhances dopamine neuron survival (Granholm et al., 1997; Espejo et al., 2000) and phenotypic gene expression (Costantini et al., 1997; Yurek and FletcherTurner, 1999) and increases neurite extension of fetal dopamine cells in vitro placed in the adult brain (Costantini and Isacson, 2002; Mendez et al., 2002) . Current transplantation techniques use human fetal ventral midbrain obtained from elective abortions of donors 6-9 weeks after conception, when the dopamine cells are born but have not yet extended neurites. For these patients, we incubated the fetal ventral midbrain in GDNF and hibernation medium for 6 days prior to surgery, based on our previous laboratory and clinical studies (Apostolides et al., 1996; Rosenblad et al., 1996; Mehta et al., 1998; Mendez et al., 2000a; Hebb et al., 2003) . Intriguingly, survival of dopamine neurons in the midbrain placement (from the same cell preparation) was lower (about 4-8%) in this patient, suggesting that differences may exist in survival depending on regional factors and conditions. We also At this level two parallel deposits were found between the red nucleus and the rostral SN, spanning 6.5 mm along the rostrocaudal axis. (C-F) TH immunostaining showed a typical disposition of transplanted neurons in the periphery of the graft. There were fewer TH neurons (Table 2 ) than in the striatal deposits and limited outgrowth. Higher magnification of three areas in this same deposit showing the small TH neurons within the graft where there is no lipofuscin (reddish deposits in the microphotograph). Arrows in D and E point to host neurons which are bigger and heavily melanized. (G-H) Confocal images of TH neurons in the graft. Some TH neurons coexpressed Girk2 and calbindin (colours as in Fig. 3) (Table 2 ). (I) Two dopamine subpopulations TH-positive/Girk2-positive (red) and TH-positive/ Girk2-negative (green) were mapped in the mesencephalon of this patient at the level of the red nucleus (graft location), showing a high expression of Girk2 except in the midline populations. Around 50% of TH cells in the midbrain grafts coexpressed Girk2 (Table 2 ). In the mapped sections there was no preferential distribution of the TH/Girk2 (red) population in the margins of the deposits. Scale bar: C, 150 mm; D-H, 50 mm.
observed that the cell body size of the surviving dopamine neurons placed in the midbrain in this case was significantly smaller than in the putamen and the host substantia nigra.
Our results contrast somewhat with the solid tissue transplantation methods that have been shown to be of variable benefit to Parkinson's disease patients (Freed et al., 2001; Olanow et al., 2003) , with better outcome reported for patients with less severe UPDRS scores. In fact, in Olanow's study only patients with UPDRS motor score below 50 showed a treatment effect. These two patients experienced a consistent clinical improvement ($50%), including a reduction in the frequency and severity of dyskinesias in the on state and did not present dyskinesias in the off state. It is worth noting that the UPDRS scores in the off state improved close to 50% also in patient 2, demonstrating that dopamine cell therapy can be beneficial in patients with advanced disease at the time of the intervention, and suggests that differences in technical approaches could have an impact on clinical outcome.
Major differences are also observed between cell suspension and solid grafts with respect to angiogenesis (linked to immunogenicity), integration and the disruption of host histoarchitecture, and interaction and connectivity with host cells (Finsen et al., 1991; Geny et al., 1994; Leigh et al., 1994; Isacson et al., 1998) . The neural macroscopic integration of the fetal ventral midbrain cell suspension implants in the Parkinson's disease patients' striatum reported here was noteworthy. The grafts had a slender shape and a smaller host tissue volume displacement than observed for solid tissue pieces in previous studies (Freed et al., 2001; Kordower et al., 1995 Kordower et al., , 1996 . In the Parkinson's disease patients reported here, immune suppression therapy was withdrawn at 6 months, so consequently they had been without immunosuppression for $3 years. The graft effects, PET scans and histology are consistent with the PET and clinical outcome of other Parkinson's disease patients that have received cell suspension grafts (Lindvall et al., 1994; Hagell et al., 1999; Mendez et al., 2002) . We noted only minimal microglial activation and host tissue reaction to the grafts, using specific immunocytochemical markers. This is in contrast to reports of MHC II (major histocompatibility complex II) upregulation and microglial reactions to surviving solid ventral midbrain grafts in Parkinson's disease patients (Kordower et al., 1997; Freed et al., 2001) . In summary, the cell suspension grafts integrated well with the host, as has been shown previously in animal studies using cell suspension grafts (Nikkah et al., 1994) , and had a minimal microglial activation, which is in contrast to what happened when solid tissue pieces were used, causing more severe microglial and immunological reactions in both patients (Kordower et al., 1997; Freed et al., 2001 ; and see figures in Olanow et al., 2003) , and animal studies (Leigh et al., 1994) . Several factors, including vascularization, trophic factor support and graft-host interaction, may be different for single cell suspension grafts and tissue pieces (Leigh et al., 1994; Nikkah et al., 1994) . Transplantation antigens, such as MHC I, have one of their highest concentrations and levels in the body on endothelial cells and blood vessels (Finsen et al., 1991) . Cell suspension grafts have a lower number of immunogenic graftderived blood vessels than solid tissue grafts that eventually supply the surviving cells. Thus, instead host-derived angiogenic processes appear to dominate in cell suspension grafts (Peschanski and Isacson, 1988; Geny et al., 1994; Leigh et al., 1994) .
By quantitative stereology in these transplants, we consistently found between 40 and 60% calbindin-negative and Girk2-positive dopamine neurons. There are also about 40-50% of Girk2-positive dopamine neurons in the dissected mammalian fetal midbrain (S.M. Chung and O. Isacson, unpublished observations). We further demonstrate that Girk2 is expressed in dopamine neurons of the adult human SNc (double-stained with TH), located in the ventral tier, and confirmed previous reports showing that ventrally located dopamine neurons do not coexpress calbindin. In rodents, Girk2 is expressed in SNc and in some TH-positive neurons in the most lateral groups of the ventral tegmental area (paranigralis and parabrachialis), and in the weaver mutation it is associated with about 50% loss of dopamine neurons (Schein et al., 1998) . Our new data in the human brain (Fig. 5) show a predominant expression pattern of TH/Girk2 in dopamine neurons of the ventral SN. While Girk2 mutations have not yet been found in Parkinson's disease patients (Bandmann et al., 1998) , Girk2 in its physiological role may contribute to the increased risk of damage or degeneration in dopamine neurons (Inanobe et al., 1999; Neuhoff et al., 2002) . Interestingly, we found that the absence of calbindin and expression of Girk2 defines a ventral population of dopamine neurons that are known to project to motor areas of the putamen and are preferentially lost in Parkinson's disease. Our post-mortem analysis of the transplants shows a high proportion of TH/Girk2 coexpression in grafted dopamine neurons and a preferential distribution of these neurons at the graft-host interface in the striatum, with projections into their regular target of the host putamen. Experiments in rodents have demonstrated selective fibre outgrowth from subsets of mesencephalic dopamine neurons grafted in the cortex adjacent to the striatum (Schultzberg et al., 1984) or in the striatum (Haque et al., 1997) , to their correct target, as shown also for other neuronal populations (Isacson and Deacon, 1996) . These findings suggest the presence of appropriate neuron-target interactions in the adult brain that favour fibre outgrowth from the corresponding subset of dopamine neurons. The distribution of the TH/Girk2-positive neurons in the present grafts is an interesting finding in the light of the previous rodent and xenograft data (Isacson and Deacon, 1997) , but more results will be needed to demonstrate the presence of such mechanisms in the adult human brain.
These analyses demonstrate the cellular composition, survival and integration of dopamine-containing suspension grafts in Parkinson's disease patients. These results also demonstrate that dopamine neuron replacement therapies can be effective in some patients even at advanced stages of the disease, and that changes in methodology may result in improved clinical outcome. Understanding specific cellular components of functional transplants may provide clues for effective cellular and synaptic restorative neurological therapies in the future.
